We experimentally probe the natural complex structures in the transparent insect wings by a simple, non-invasive, real time optical technique using monochromatic lasers and broadband femtosecond laser pulses. A stable and reproducible complex diffraction pattern in transmission unveils the signature of a new form of spatial correlation and structural symmetry at various length scales for a variety of insect wings. A quantitative analysis of the diffraction reveals a direct link between the structural organization and transmitted diffraction patterns. While matching the sensitivity of SEM for micro-details, our technique is highly efficient to unveil the spatial correlation and symmetry of the photonic architecture from µm to mm scale. Furthermore, when the laser beam is scanned across the wing sample a rotation of the original diffraction profile is observed which quantitatively agrees with the theoretical patterns generated from the corresponding SEM images. Our technique allows us to report the first observation of microscopic reorganizations in photonic architecture due to genetic mutations on the Drosophila wings. These results have potentials for design and development of diffractive optical components for applications and identifying routes to genetic control of biomemetic devices.
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We experimentally probe the natural complex structures in the transparent insect wings by a simple, non-invasive, real time optical technique using monochromatic lasers and broadband femtosecond laser pulses. A stable and reproducible complex diffraction pattern in transmission unveils the signature of a new form of spatial correlation and structural symmetry at various length scales for a variety of insect wings. A quantitative analysis of the diffraction reveals a direct link between the structural organization and transmitted diffraction patterns. While matching the sensitivity of SEM for micro-details, our technique is highly efficient to unveil the spatial correlation and symmetry of the photonic architecture from µm to mm scale. Furthermore, when the laser beam is scanned across the wing sample a rotation of the original diffraction profile is observed which quantitatively agrees with the theoretical patterns generated from the corresponding SEM images. Our technique allows us to report the first observation of microscopic reorganizations in photonic architecture due to genetic mutations on the Drosophila wings. These results have potentials for design and development of diffractive optical components for applications and identifying routes to genetic control of biomemetic devices.
Introduction
Nature has developed a remarkable variety of photonic structures in various insect wings [1, 2, 3] . The cooperation of structural heterogeneities (regularity and irregularity) [4, 5] in these natural bio-photonic architectures at optical wavelength scale interact with light in a specific way to produce various optical effects such as reflection [6] , interference [7] , diffraction [8] fluorescence [9] , iridescence [10] , and polarization sensitivity [11] . Compared to the equivalent man-made optical devices, the biophotonic structures often possess greater complexity and could outperform their functions in some cases [2, 12] . Due to the presence of multiple length scales and diversity in their design the optical behavior of such arrangements is still not fully understood.
While the non-transparent wings of the butterfly and beetles have been well studied and are known to manipulate color and polarization of white light via interference and diffraction effects [3, 5, 11, 13] . On the other hand, a great variety of insects possess almost transparent wings such as in drosophila, bees, flies etc. Yet, these photonic architectures have not received much scientific attention. Previous experiments with thin transparent wings observed various colours under white light illumination due to interferences [14, 15] , measured their transmission and reflection spectra and characterized nano-scale structural features in the dragonfly [16] . Recently, the transparent wings of firefly have been exploited for technological applications in designing and optimizing optical components such as anti-reflection elements in laser diodes [17] . In addition, they also work as a test bed to unravel how these system have been naturally optimized to coherently manipulate light for various functions [18, 19] .
The transparent wings seem to have a simple structural design but hide a largely unexplored complex spatial organization of several micron-sized elements on the length scale comparable to their size. Three systems of bands (regions) make up the basic wing morphology: (i) the basal region, (ii) the central region, (iii) and the border region. Variation in both dimensionality and degree of periodicity contributes greatly to the over-whelming diversity of structural colorproducing biological nanostructures [3, 13, 15, 20] . One of the main organizing principles of complex patterns in such transparent insect wings is long range correlation between various structural scales from nanometer to micrometer. In addition, identification of any symmetry in the arrangement of large number of micro-elements will be fundamental. Thus the intricate structures on the wings scales are difficult to copy and it is particular challenging to mimic the color mixing effect. Hence, an understanding of the symmetry in natural structural arrangements is crucial in exploring novel optical effects for biomemetics photonic structures as well as functional significance of their design.
Many studies and techniques like scanning and transmission electron microscopy (SEM and TEM) have provided nano-scale structural details about the insect wings complexity. These techniques have been very useful for providing local structural information. However, they are not suitable to extract large scale structural order from µm to cm lengths. Compilation of high resolution images from SEM/TEM to extract such large scale order is not feasible and may even be misleading. Therefore, an efficient and quantitative approach to explore correlations in spatial architecture over the entire length scale of the wing is desired. One attractive alternative is to employ optical method that combines right spectral properties with high spatial coherence such as transmitted diffraction pattern [8, 21] . Furthermore, due to high sensitivity of diffraction, our technique matches the local resolution of SEM for microstructures. Yet, it is highly efficient to extract in situ structural organization and symmetry in a single-shot manner which would be very tedious task otherwise. We demonstrate that variability in the diffraction pattern is directly correlated with arrangements in the spatial distribution of the scales that cover the wing membranes. This optical imaging opens new ways for the non-invasive study and classification of different forms of irregularity in structural colors. The investigation of natural nanostructures lead to the knowledge that can be applied to design biomemetic materials with designer photonic properties with reduced engineering effort and cost of their fabrication [2, 5] .
The aim of this paper is thus to address the following questions: How the transparent wingsystem is assembled in local and global length scale from µm to mm? [16, 19] . Is there any correlation among the scales at various lengths? Can we quantitatively reveal it exploiting the complex diffraction pattern? Can the optical method unveil new features in the wing architecture? Answering the above questions are crucial to understand the physical mechanism of noniridescent color generation by the quasi-ordered biological structures. The paper is organized as follows. In section 2, we describe our experimental setup. In section 3, we report experimental observations of the diffraction pattern using various lasers. We also give a theoretical interpretation of these results using SEM analysis of the samples. In section 4 and section 5 we demonstrate their applications of the optical techniques by measuring correlated diffraction pattern at various scales in the wing and quantifying the role of genetic mutations on the photonic architecture of the transparent wings of the Drosophila.
Experimental-setup
A schematic diagram of the diffraction measurement system is shown in Fig. 1 . The experimental set-up consist of a collimated laser beam, a wing sample holder mounted on a xyz micrometer translation stage, a circular ND filter, a beam expander (optional), and a screen. An actual picture of the set-up is shown in Fig. 1 . We have used both monochromatic cw lasers at various visible wavelengths and a broadband femtosecond laser in the near IR range. The choice of these wavelengths is dictated by the observed transparency of the wing material for these spectral regions. The measured intensity transmission through the wing is > 60% for these wavelengths. The 1/e 2 full-waist of the collimated laser beam is 1mm which is much smaller than the typical wing size > 1cm. The transmitted laser is observed on a white screen fixed at 20.5cm from the wing sample. Note that for the screen to wing distances exceeding few cm the diffraction pattern is completely formed and it simply diverges thereafter due to geometrical effect. The snapshots of the produced diffraction pattern on the screen was recorded by a digital camera. It is worth mentioning that with this simple set-up, no preparation of the wing sample is required unlike many other instruments. In fact, it can be used for in viva non-destructive imaging of the wing with the insect alive. We have also compared the sensitivity of our optical technique to resolve complex structural features in the wing against the SEM imaging technique. Our novel approach matches the sensitivity of SEM for local microstructures, yet is highly efficient to extract long range spatial correlation in complex wings patterns due to the spatial coherence of the laser beam. In addition, we can scan the laser beam across the wing sample to locally probe its various regions in a single-shot manner. It is also possible to employ different wing samples such as genetically mutated wings to investigate the resulting structural reorganization in the wing, as demonstrated in this paper.
Results and discussion

Observation and analysis of complex diffraction pattern
Several laser beams were employed to reveal a unique arrangement of the photonic architecture, in particular, the underlying long-range correlation. The collimated laser beams formed a stable far-field diffraction pattern after passing through the transparent wing-sample. A recorded Fig. 2 . Observation of the complex diffraction pattern. Left column: incident beam profiles for a pulsed fs (800nm, 10 fs, 2nJ@78MHz) laser, a cw λ = 532nm green solid-state laser and a cw red diode laser (λ = 632nm) from top to bottom (a, d, e), respectively. Middle column: digital photographs of transmitted diffraction pattern on the screen corresponding to the left incident beams (b, e, h) with 3cm scale of arrow bar. Right column: computed intensity profiles for the corresponding diffraction pattern (c, f, i). diffraction pattern of the laser through the wing is shown for (i) a broadband femtosecond pulsed laser centered at 800nm (top row in Fig. 2 ), (ii) a cw green 532nm laser, and (iii) a cw red 632nm diode laser (bottom row in Fig. 2 ). The laser powers are kept low (5 − 200mW ) and unfocused to perform non-invasive imaging of the thin wings. No sign of any optical damage on the wing is visible even after several hours of exposure. A stable and robust diffraction pattern is clearly observed for all the used lasers including the short pulse femtosecond laser. Such complex diffraction pattern is unusual and has not been reported previously. It exhibits a bright central spot and up to three distinct higher order maxima in the form of curved lobes. These lobes are symmetrically located on the both sides of the bright central spot. The widths of the lobes increase while their intensity decrease with increasing order. We have also computed intensity-cuts of the corresponding profiles as shown in Fig. 2 that suggest an existence of the reflection symmetry in the optical image. Similar diffraction patterns were also observed for other transparent wings which suggest its generic nature for a family of insects.
To understand the formation of the diffraction pattern we performed SEM images of the wing at various resolutions (Fig. 4) . The SEM images reveal a two-dimension arrangement of a large number of micron-sized hair-like structure (that we refer as hook) on the surface of the transparent wing. These microstructures on the surface of the wing have been previously observed and offer many functions such as anti-wetting, self-cleaning, aerodynamics properties and signalling through structural colours [15, 24, 25, 26] . However, nothing was known about their global organization patterns on the wing which is crucial to further understand their functional role. Such long range order cannot be extracted from SEM images since these provide high resolution structural details from nm to µm scale. In our optical technique, however, a mm size beam spot covers 10 4−6 of these hooks. The obtained diffraction pattern is therefore a result of interference created by the secondary radiations emanating from these individual "photonic elements". The resulting complex diffraction patterns at various scales thus contain a rich amount of structural information about their density and shape distribution, mean spacing between these hooks, their orientation and symmetry etc. Therefore, the diffraction pattern analysis on various length scales is a very attractive yet simple idea.
Two extreme cases of order in the photonic architecture are possible: (i) a random arrangement of the nano and micro-structures with no long range order. These structures show a fractallike behaviour on the short length scale that is smooth one on the long length scale [16, 20] , and (ii) a perfectly periodic arrangement resulting in ordered multiple sharp peaks as they are known for the diffraction gratings. However, in our case due to their quasi-periodicity these micro-hooks create the stable diffraction pattern. In our experiment, one can distinguish between regular structural pattern resulting in complex diffraction pattern embedded in a weak speckle-like intensity background due to the disordered surface. From the orientation and symmetry of the diffraction peaks the real space orientation and the symmetry of the underlying structure can be deduced. The location of the first order peak in the Fourier space yields real space lateral periodicity of the pattern in the corresponding direction. For a non-identical order, the peaks broaden and the number of detectable higher order peaks decreases. The full-width at half maximum of the first order peak is a quantitative measure of the width of the distribution function of the inter-hook separation in the structure. In other words, narrower the peaks and larger the number of high-orders, higher is the uniformity of the surface pattern.
Theoretical understanding of the experimental results
In order to correlate the structure in the wing with its diffraction pattern we use a model as shown in Fig. 3 . The two-dimensional (2d) diffraction pattern by an arbitrary aperture A(x, y) forms due to interference of the secondary waves from all the points in the aperture. The diffracted wave front observed at a distance z is given at some point A on the other side of the baffle, given the behavior of the source and the characteristics of the aperture. The diffraction pattern of the SEM image was calculated using the Fresnel diffraction approach [27],
A(x, y) e ikr r 2 dxdy,
where k is the wavenumber of the light and z is the propagation distance. The distance r = (x − x ) 2 + (y − y ) 2 + z 2 represent the distance between the points A(x, y) and A(x , y ) respectively in the incedent and observation plane. The extra factor z r corresponding to the cosine of angle between r and z and applying the Fresnel approximation where ν x,y = ck x,y 2π and z → ∞ then the equation (1) can be written as
A(x, y)e iπλ (xν x +yν y ) dxdy.
The factor 1 iλ in the of above equation is important because 1 λ = ω 2πc include the ω dependence which is essential. Since we observed the intensity of the optical signal, so the term in the front of the integral can be considered as a constant C = e ikz iλ z e iπλ (ν 2 x +ν 2 y ) . One then obtains,
It is noteworthy that the Fresnel's diffraction integral is proportional to the two-dimensional Fast Fourier transform (FFT) of the aperture. It is also noted that the above equation is usually used for monochromatic incident field and it can be extended to a broadband pulse which is a linear superposition of many monochromatic components [28] . According to the above diffrac- tion theory, one can quantify the informations in the optical pattern. In the case of monochromatic light we have a single wavelength. For the broadband light we have a distribution of wavelengths leading to a further spread in the maxima. From the locations of the diffraction maxima, we estimated that the mean spacing between the hooks is around few tens of micron which was in good agreement with the SEM image. Importantly, since the optical diffraction preserves the symmetry of the aperture, it directly and visually unveils the organizational symmetry of the hook-pattern. In our case, we observed a reflection symmetry within the spot size of the laser. Furthermore, if the hooks were narrowly spaced (separation of the order of their size), this would produces a more divergent pattern on the screen having larger spacing between the 0 th and the 1 st order peaks. The width of these peaks encodes the information about the distribution of shapes and sizes of the individual hook elements. This, therefore, provides a quantitative measure to characterize the inhomogeneity due to the intricate arrangement of the hooks. To demonstrate the sensitivity of the optical technique as well as to understand how the diffraction evolves on various length scales we have taken SEM images of the wing on various scales. A fast Fourier transform (FFT) of these SEM images generate theoretical far-field diffraction patterns. To show the emergence of the observed diffraction pattern for various length scales from nm to mm we perform FFT of different SEM images of the same wing. A very high resolution SEM image showed the structure of individual hook surrounded by seemingly disordered background of nm sized structures. The FFT of this image shows only a diffused background without any systematic diffraction pattern. As the area of SEM image is enlarged to incorporate more number of hooks (Fig. 4) the corresponding FFT showed an emergence of the higher order lobes. Remarkably, for large enough area the computations diffraction pattern resembled very closely to the experimental ones (see Fig. 4(a, b) ). The intensity cuts of the FFT images also matched with the experimental intensity cuts. This analysis clearly highlights the great advantages of our optical technique for macroscopic length scales compared to the SEM. In the following we demonstrate two possible applications of the optical technique that unravel new features in the transparent wings.
Rotations of the diffraction pattern at various length scales
We can probe local variations in the structural arrangement across the wing by simply scanning the laser beam. This is possible since the laser beam spot ( 1mm) is much smaller than the wing size > 1cm. To demonstrate this, we recorded the diffraction pattern at various scales by scanning the laser spot along the wing length (Fig. 5) . A rotation of the original diffraction pattern was observed for both the pulsed and cw lasers. This unusual behavior directly reflect the local symmetry and its spatial correlation along the entire wing surface. It should be mentioned that one can easily vary the spot size to further probe local and the global organizations in a single shot manner. The observed rotation in the diffraction pattern suggests a systematic rotation in the arrangement of the hooks without much change in their density and shape. To verify this, we recorded SEM images of various portions of the wing and numerically computed FFT of the images (Fig. 5(k-o) ). The SEM-FFT analysis also produced a similar rotation in the diffraction as shown in Fig. 5 . This confirmed our optical observation. Therefore, our technique is very attractive and efficient to reveal the complex arrangements of millions of these photonic elements on the wing surface. We have also observed similar results in other insect wings including Drosophila, beetles and some fruit flies which suggest a generic nature of the reported phenomenon. The functional significance of these rotations and their development aspects requires further experimentations.
Genetic control of the photonic architecture
We report for the first time quantitative observation of the effect of genetic mutations on the photonic-micro structures on the transparent insect wings of Drosophila melanogaster. The wings of Drosophila are ideal system for this kind of study since development, structure and function of the wings have been studied extensively and the roles of several genetic mutants are well characterized. For our analyses we selected two different mutants, Cyo and vg, that either produces curly wings or generates small stumpy wing rudiments, respectively. The wild type unmutated wings were kept as controls (reference). Although the developmental dynamics of Drosophila wings along with the implications of these mutants on the structural and functional aspect have been explored, nothing is known about the role of these mutations in manipulating the microstructures on the wing surface. Using diffraction pattern in transmission offers us a unique optical technique to make a quantitative comparison among wings produced by various mutations. First, we recorded the diffraction pattern from a normal fly-wing as our control. Compared to the control wing, in GM1 (Cyo) wings, the diffraction pattern became more pronounced since a third order lobe appeared. This suggests that the underlying arrangement becomes more ordered compared to the normal wings. Since the locations of the maxima and minima remained almost unaltered, it can be concluded that the spacing between these micro photonic elements remain unaltered. In contrast, in GM2 (vg) wings the diffraction pattern was speckle-like pattern without any higher order maxima and minima. This means that in this case both the symmetry and long range correlation is completely absent. Note that if such an information is attempted by SEM imaging, it would be very tedious and inefficient process. This is clearly illustrated in Fig. 6 where SEM images of various mutants are recorded and computational FFT is generated. The good matching between computational and experimental patterns again confirm the implications of the diffraction pattern. The spatial coherence of the laser and sensitivity of the diffraction pattern offer unique advantage over other methods. This experimental evidence of global correlation and its genatic control could be potentially useful to understand how one can manipulate genes to control the natural photonic architecture as well as for other potential biological applications in understanding structure-function relation in the genetic pathways.
Conclusion and outlook
Our findings directly demonstrate how the diffraction pattern through the transparent insect wings is spatially and functionally correlated with its internal structures at various length scales.
The network of quasi-ordered micro-structures on the transparent wings demonstrate a longrange order as unveiled by appearance of a stable and robust diffraction pattern. The used optical technique appears to be a powerful option to gain a quantitative understanding about the systematics in the photonic architecture. The long-range (µm to cm scale) correlations and symmetry can be efficiently quantified in the pristine wings. Furthermore, the observation of rotations of the original diffraction pattern when the laser beam is scanned across various regions on the wing surface provides an evidence for evolution in spatial symmetry from local to the global length scale. In addition, by varying the spot size from few micron to several mm, one can obtain detailed measurements about the spatial correlation in a high throughput, single-shot manner. Our technique also allows us to report first quantitative measurement on how the genetic mutations manipulate the biophotonic architecture. It is therefore a potentially attractive optical technique to unravel the natural design of the photonic architecture of the insect wings and probe their functional relationship that will ultimately dictate motive of the symmetry and correlation. These tools could prove to be crucial to understand design principles of natural photonic crystals with potential applications for mimicking artificial structures that may lead to novel optical devices [2, 18, 29] 
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